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Graphic Abstract 
 
The preparation of mesoporous carbon via the nanocasting strategy 
 
 
Highlights 
 The preparation of ordered mesoporous materials has been summarized. 
 Methods to control pore size and morphology of mesoporous materials are reviewed. 
  Mesoporous materials are used as electrocatalyst support and ultracapacitors.  
 
 
 
Abstract 
 
Designing new energy storage system is necessary for renewable energy development. With the 
large surface area and appropriate pore structure for good electrolyte wetting and rapid ionic motion, 
electric double layer capacitors (EDLC)，as an ultracapacitor, have the potential to meet this 
challenge. As the constructing materials for EDLC, the prepration of ordered mesoporous materials, 
including silica-based mesoporous materials, carbon nitride, ordered mesoporous carbons as well 
    
 
as metal oxides, are summarized. Further researches on pore size control and morphology control 
of mesoporous materials have also been reviewed. These mesoporous materials, with high surface 
area, narrow distribution of pore size, good corrosion resistance, high stability, and tunable pore 
structure and easy surface modification, are widely used as electrocatalyst support and electrode in 
EDLC. The large surface area and small pore diameter can improve the specific capacitance. The 
tunable pore structure and surface functionalization are beneficial for capacitance improvement.  
 
Author Keywords: Electronic materials, Chemical synthesis, Electrochemical properties,       
Catalytic properties, Energy storage    
 Keywords Plus:  Ordered mesoporous material, Nanocasting, Morphology control, 
Electrocatalyst, Electric double layer capacitors           
 
 
1. Introduction  
The rapid development of renewable energy such as solar and wind raise the awareness of the need 
for electric storage system for continuous energy supply. And energy storage has become one of 
the great challenges in the twenty-first century. Therefore, it is essential to find a low-cost and 
environmentally-friendly energy conversion and storage system to address this problem [1]. The 
performance of the storage system strongly depends on the properties of the materials included in 
the system. Up to date, the most common electric energy storage systems are batteries and 
electrochemical capacitors.  
 
Both batteries and electrochemical capacitors are widely used in portable(digital) electronic 
devices, supports for fuel cells, uninterruptible power supplies, memory protection of computer 
electronics and cellular devices [2, 3]. Batteries with high energy density generally suffer from 
limited power density (charge/discharge rate). What is worse, continued high rate cycling 
deleteriously affects both battery performance and lifetime. To extend the lifetime, a lower rate is 
necessary, which requires battery-based energy storage system has to be oversized to accommodate 
peak. Additionally, low temperature environments will lead to the loss of energy storage capacity. 
Battery lifetime is limited to a few years at best and is further decreased with continuous cycling 
and harsh environmental conditions. So regular maintenance and replacement are required, 
especially in winter or under stormy weather conditions. 
 
    
 
Different from a battery, ultracapacitors, also known as electrochemical capacitors, offer a 
promising alternative approach to meeting the increasing power demands of energy storage systems 
from portable (digital) equipment to electric vehicles. Ultracapacitors are similar to batteries in 
design and manufacture (two electrodes, separator and electrolyte), but the unique mechanism 
makes ultracapacitors available for the application requiring high power and long cycle life (>100 
times of battery life) [4, 5]. Another advantage of ultracapacitors is that they can store a higher 
amount of energy within a shorter time. Threfore, systems employing ultracapacitors are smaller 
and lighter and do not need to be oversized to accommodate high power cycling. Furthermore, the 
wide operating temperature range (-40°C to +65°C), long lifetime and outstanding cycling stability 
ensure a maintenance-free operation for the ultracapacitor-based system. 
Additionally, ultracapacitors are known to be a green technology due to their high efficiency and 
the materials used during manufacture. Fig. 1 summarizes the different performance of current 
energy storage techniques [6]. 
 
In terms of their energy storage mechanism, the electrochemical ultracapacitors are summarized 
into two categories: electric double layer capacitors (EDLCs) and pseudocapacitors [1]. Their 
distinction is illustrated in Fig. 2. For EDLCs, a thin double-layer is placed at the interface between 
eltrolyte and the electrode, which is used to store charge. Their capacitance (C) is dependent upon 
the surface area of the electrode [7]: 
S
C
d
   
 
where ε is the relative permittivity, S is the surface area, and d is the thickness of the double-layer. 
The value of d, dependent on electrolyte ion and solvent dimensions, is usually quite small. Thus 
the capacitance of EDLCs is much higher than those of traditional dielectric capacitors [8]. For the 
ideal capacitor, the rectangular (“mirror”) cyclic voltammogram (CV) will be observed because of 
the independent relationship between current and. But the real situation is that the adsorption of 
ions on the surface shows mostly rectangular CVs in spite of some potential dependence can occur 
through overscreening and crowding at the double-layer [9]. The pseudocapacitors (redox 
ultracapacitors) usually have surface or near-surface redox reactions in the faradaic. 
Pseudocapacitance often exhibits a dependence on potential because it involves redox reactions, 
 
Compared with batteries, whose cycle life is limited because of the repeated contraction and 
expansion of the electrode in the cycling process, EDLC’s lifetime is infinite in principle for they 
are based on electrostatic surface charge accumulation. The first patent describing a double-layer 
capacitor was published in 1957 [5]. EDLC utilize electric double layers formed at the interface of 
    
 
the electrode/electrolyte, where electric charges are accumulated on the electrode surface and ions 
of opposite charge are arranged on the electrolyte side of the interface [10]. EDLC electrode 
materials are expected to have a large surface area for effective charge accumulation and an 
appropriate pore structure for good electrolyte wetting and rapid ionic motion. 
 
Porous carbon materials have received a great deal of attention and have wide applications [11-15]. 
They were used in areas such as gas separation, water purification, catalyst supports, and electrodes 
and fuel cells. According to the International Union of Pure and Applied Chemistry (IUPAC), 
porous carbon materials, based on their pore diameters, can be classified into three types: 
microporous materials with a dimension less than 2 nm, mesoporous materials with a dimension 
between 2 nm and 50 nm, and macroporous materials with a dimension larger than 50 nm. In recent 
years, many researchers have conducted studies by using mesoporous carbon as ultracapacitor 
electrode material. These capacitors are built to make use of the unique chemical and physical 
properties of mesoporous materials such high conductivity, large surface-area, excellent corrosion 
resistance, high temperature stability, controlled pore structure, processability and compatibility in 
composite materials and relatively low cost [16-20]. Generally, the first two of these properties are 
critical to the construction of ultracapacitors. 
 
Mesoporous materials are of interest in electrochemistry for several reasons. First, their highly 
porous and regularly ordered 3D structure should ensure good accessibility and fast mass transport 
to the active centers. This might be useful to enhance the sensitivity in preconcentration 
electroanalysis (voltammetric detection subsequent to open-circuit accumulation). Moreover, the 
possibility of immobilizing a great variety of organo-functional groups opens the door to 
improvements in selectivity of the recognition event. Secondly, the materials bearing redox-active 
moieties can be promising to induce intra-silica electron transfer chains or to act as electron shuttles 
or mediators, with promising applications in electrocatalysis. Third, the possibility for nano-
bioencapsulation (e.g., enzyme immobilization58–61) in such functionalized and mesostructured 
reactors could result in the development of integrated systems combining molecular recognition, 
catalysis and signal transduction, with applications in the field of electrochemical biosensors.  
2. Mesoporous Materials  
In the early 1990s, Japanese scientists and Mobil researchers separately reported the synthesis of 
mesostructured silicates [21]. The formation of mesoporous silicate molecular sieves with crystal 
templates is undoubtedly one of the most exciting discoveries in the field of materials synthesis 
during the last few decades. The synthesis of these ordered mesoporous materials provides not only 
    
 
a new family of materials that possess large uniform pore sizes (10 nm), highly ordered 
nanochannels, large surface areas and attractive liquid-crystal structures but also an idea of 
designing periodic arrangements of inorganic-organic composite nanoarrays. Tremendous efforts 
were made in the area of the syntheses and applications of these new materials. A large variety of 
mesoporous materials with different mesostructures (as is shown in Fig. 3: two-dimensional 
hexagonal, space group p6mm, three-dimensional hexagonal P63/mmc, 3D cubic Pm3m, Pm3n, 
Fd3m, Fm3m, Im3m, etc.) [22-24] and compositions (silica, metal oxides [25, 26], metal sulfides 
[27, 28], metals [29, 30], and even polymers and carbons [31-33]) have been synthesized and 
reported. Mesoporous materials with highly ordered structures, narrow pore size distributions and 
large surface area have attracted much attention due to their potential applications in drug delivery, 
energy storage, sensors and catalysts [34, 35]. 
 
Mesoporous silicates are generally prepared under hydrothermal conditions. The typical sol-gel 
process is used in the synthesis process [36]. The general procedures in this process include several 
steps. Firstly, a clear homogeneous solution is obtained by dissolving the surfactant in the water. 
Secondly, the silicate precursors are added into the solution. This procedure only takes several 
minutes to form mesoporous silicates. Then solution is kept in static conditions at the same reaction 
temperature for one day to undergo hydrolysis catalyzed by an acid or base catalyst and transform 
to a sol of silicate oligomers. Finally, the mixture is transferred into an autoclave for heat treatment 
to induce the complete condensation and solidification and improve the organization. The resultant 
product is collected by filtration and dried at room temperature. Eventually, the resulting 
mesoporous material is obtained after the removal of organic template. The overall process is 
schematically shown in Fig. 4. 
 
Ordered mesoporous carbons (OMC) were first reported by Ryoo and his co-workers in 1999. Their 
fabrication route using highly ordered mesoporous silicates as the templates has soon become the 
standard nanocasting procedure [15]. Using ordered hexagonally tubular pore structure silica 
SBA-15 (inorganic mesoporous silica, templated by nonionic triblock copolymer) as a template, 
Ryoo et al. successfully synthesized an ordered mesoporous carbon in which parallel carbon fibers 
were interconnected through thin carbon spacers. Through this synthesis and further studies on the 
pore structure, the SBA-15 silica turned out to have complementary pores, which were generated 
by the penetration of the hydrophilic ethylene oxide groups into the silica framework. The ordered 
structure of the CMK-3 carbon was the exact inverse replica of the SBA-15 silica without the 
structural interference during the removal of the silica template. The SEM and TEM images of both 
SBA-15 and CMK-3 are shown in Fig. 5. 
    
 
 
The synthesis procedure normally involves three main steps: the preparation of carbon precursor: 
sucrose is completely incorporated into the interconnected channels of mesoporous silica templates 
by a controllable two-step impregnation process. Then the carbon precursor is carbonized at high 
temperature in an inert gas. Finally, the silica template is removed by dissolving in an aqueous 
solution of HF or NaOH. The obtained OMC maintain the macroscopic morphology and ordered 
mesostructures of the original templates.  
2.1 Materials Preparation 
2.1.1 Silica-based Mesoporous Materials  
Consisting of a periodic and regular arrangement of well-defined mesopores and amorphous 
inorganic framework structures, ordered silica-based mesoporous materials are featured for their 
highly porous structures. Their pore volume is usually larger than 0.7 mL g-1 and specific surface 
areas are in the range of 500–1500 m2 g-1. With high specific surface area and a three-dimensional 
structure made of interconnected open spaces, mesoporous silicas are successfully used as the 
templates for the synthesis of mesoporous carbon materials. Ordered mesoporous silicas are usually 
prepared by the sol–gel process. As is shown in Fig. 6, the process involves the hydrolysis and 
condensation of a tetraalkoxysilane (Si(OR)4) with a supramolecular serving as template. The silica 
framework can be formed around pre-formed liquid crystal mesophases but the organized 
architectures are often obtained via a self-assembly cooperative process taking place in situ 
between the templates and the silica network precursors [37]. The final structure of silicates is 
obtained by the successive polymerization, gelation, aging, drying, and heating steps. A fine tuning 
of the experimental parameters would pose an effect on the microstructure of prepared materials 
and thus the influence of these parameters need to be carefully examined. 
 
2.1.1.1 Surfactants  
Surfactants are frequently used as template to prepare mesoporous materials and they can be 
grouped into three types: cationic, anionic and nonionic surfactants [38, 39]. Cationic surfactants 
such as alkyltrimethyl quaternary ammonium surfactants, gemini surfactants, bolaform surfactants, 
multi-headgroup surfactants, have excellent solubility and high critical micelle temperature (CMT), 
and can be widely used in acidic and basic media [40, 41]. Cationic surfactants (S
+
) have 
comparatively strong Coulomb interactions with electronegative silicate species (I
-
) while nonionic 
surfactants have weak double-layer hydrogen bond interactions with silicate species, which cause 
    
 
the hydrothermal temperature of cationic surfactants can be higher than that of nonionic surfactants. 
However, they are toxic and expensive. Anionic surfactants include carboxylates, sulfates, 
sulfonates, phosphates, etc. Nonionic surfactants are widely used in industry because of their low 
price, nontoxicity, and biodegradability. Furthermore, the self-assembling of nonionic surfactants 
produces mesophases with different geometries and arrangements. They become more and more 
popular and powerful in the syntheses of mesoporous materials. For example, a family of 
mesoporous silica materials has been prepared with various mesopore packing symmetries and 
well-defined pore connectivity by using poly (ethylene oxide)-b-poly (propylene oxide)-b-poly 
(ethylene oxide) (PEO-PPO-PEO) triblock copolymers (Fig. 7A) as structure-directing agents 
under acidic aqueous media, the other often used nonionic surfactants are listed in Fig. 7B and Fig. 
7C [42, 43]. Yasuhiro et al. made use of the self-organization of surfactants to the periodic structure 
on the mesoscale but disorder on the atomic scale [22]. As is shown in Fig. 8, the combination of 
electron microscopy and X-ray diffraction experiments enables them to obtain single-crystal 
structural information and solve the 3D structures of mesoporous materials with disordered wall 
structures.  
2.1.1.2 Reaction Temperature  
There are two factors, that is, critical micelle temperature (CMT) and cloud-point (CP), to select 
and optimize the synthetic temperature. The reaction temperature is normally higher than the 
surfactant CMT. A general knowledge is that decreasing the reaction temperature reduces the 
reaction rate and therefore improves the crystalline regularity [36].  
In the synthesis of SBA-15 by using nonionic surfactants triblock copolymer P123 as templates, 
the reaction temperature is normally higher than room temperature because of surfactants’ higher 
CMT values. Also, many nonionic surfactants have the problem that they become insoluble in 
water (CP value) at elevated temperature. All of unexpected solutions become cloudy due to phase 
separation and the surfactant begins to precipitate. Thus the synthesis temperature must be lower 
than the CP value. Therefore, the optimal reaction temperature to synthesize SBA-15 using P123 
as template is 35-40 °C.   
2.1.1.3 Hydrothermal Treatment  
Hydrothermal treatment is one of the most conventional and efficient methods to improve 
mesostructure regularity of products [44-46]. After the solution reaction, the mesostructures 
undergo reorganization, growth, and crystallization during the hydrothermal treatment. In the 
synthesis of mesoporous silica, the treating temperature is normally between 80 and 130 °C, in 
    
 
which the range of 95-105 °C is mostly used [47]. Nonionic surfactants will decompose and then 
destroy the uniform structure at a higher temperature, and as a result the amount of mesotunnels 
will be larger in diameter than that at lower hydrothermal temperature. Generally, the hydrothermal 
temperature is higher when cationic quaternary ammonium salts are used as templates than in case 
of nonionic surfactants. One of explanation is this phenomenon may be related to the ordered 
micro-domains of the surfactants and the interactions between surfactants and silica species [36]. 
Cationic surfactants (S
+
) have comparatively strong Coulomb interactions with electronegative 
silicate species (I
-
) while nonionic surfactants have weak double-layer hydrogen bond interactions 
with silicate species, which cause the hydrothermal temperature of cationic surfactants can be 
higher than that of nonionic surfactants.  
As the mesostructures have assembled before the hydrothermal treatment and the regularity is 
improved during this process, a long treatment normally 1-7 days is necessary. When microwave 
is applied in this step, hydrothermal treatment time can be shortened to 2 h or even less [48, 49]. 
The adsorptive and structural properties of mesoporous silicates can also be tailored by varying 
hydrothermal temperature and treatment time, which can be used to control the pore size of 
mesoporous materials.   
2.1.1.4 Microwave Treatment  
Microwave-induced synthesis becomes an useful technique in both academic and industrial 
laboratories. Although people had been using microwaves in their homes for many years, it was 
not until 1986 that the first report of microwave-heating in organic synthesis appeared in the 
literature [50, 51]. After then, many reactions including organic and inorganic syntheses, selective 
sorption, oxidations/reductions, polymerizations, among many other processes have employed 
microwave energy [52-55].  
Stuerga and Guillard [56, 57] reviewed the fundamental interactions between waves and matters 
as well as the consequences of microwave heating. They found that for reactions, the energy of the 
microwave photon is not high enough to break chemical bonds and the electric field strength cannot 
induce any shift in the chemical equilibrium. Moreover, the electric field strength is too low to 
induce organization. For lossy media, the electromagnetic energy absorption induces chaotic 
motions of dipolar moments leading to thermal conversion of the electromagnetic energy, while in 
condensed phases, rotational states do not exist. Therefore, the microwave heating effect is 
considered to be thermal effect only. But, microwave energy is found to be more efficient in the 
synthesis of mesoporous materials. The traditional method for synthesis of nanoporous materials 
    
 
(including mesoporous materials) via hydrothermal treatment is a time-consuming process, which 
often requires several days. However, the microwave radiation method is more time-saving and 
environmentally-friendly, consuming less energy than conventional processes. Also, microwave 
syntheses have often given more uniform (defect-free) products than the conventional 
hydrothermal synthesis. Furthermore, the distributions of crystallite/particle dimensions are 
significantly narrow [58]. This method has several merits. First of all, microwave energy increases 
the heating rate of the synthesis mixture, reducing the reaction time [59]. Secondly, microwave 
energy leads to a more uniform heating of the synthesis mixture, resulting more uniform in 
dimensions and composition of the product. Thirdly, microwave energy changes the association 
between reactant species as well as enhances the dissolution of the precursor gel [60, 61]. 
Since microwave radiation has different effects on these processes, no single explanation can be 
applied to explain the enhancement in the quality of as-synthesis products for all synthesis. The 
proposed mechanisms for the synthesis of nanoporous crystalline oxides from a solution involve a 
series of steps [59], as is shown in Fig. 9.  
It is hypothesized that an amorphous gel is formed from the solution by the association of the 
hydroxides or other dissolved reagents. Ring-like structures form from the gel, creating structural 
species (<1 nm) that are the precursors of the unit cells of the porous crystals [58]. The unit cells 
then nucleate to form small single crystals (~10 nm) of the nanoporous crystalline product. These 
single crystals then grow in dimension at their surface. This involves the incorporation of reagents 
from the solution, including microcrystalline domains. The microwave energy used in treatment 
step, influences several steps of these processes, probably enhancing the rate of gel formation, the 
formation of structural domains, the nucleation of single crystals and/or the growth of single 
crystals to the final product. It might have independent or combined influence on the molecular 
processes which lead to the formation of mesoporous solids.  
Mesoporous silica MCM-41 (inorganic mesoporous silica, templated by hydrocarbon CTAB) was 
first successfully prepared by using microwave radiation heating by Wu et al in 1996 [68]. Recently, 
many mesoporous silica materials, including SBA-15, FDU-1, and PSU-1 have been prepared by 
the microwave-hydrothermal method [62-70]. All these reports observed an enhanced 
crystallization compared to conventional hydrothermal synthesis. Particularly, the crystals 
produced are smaller at a higher yield, indicating a rapid homogeneous nucleation. These evidences 
indicate that microwave synthesis much faster than conventional hydrothermal heating method 
with a more homogenous product.  The microwave radiation-promoted synthesis method 
provides a very efficient and selective route for the synthesis of many nanoporous materials. 
    
 
2.1.1.5 Separation, Drying and Template Removal  
In general, the particle size of mesoporous materials such as SBA-15 is less than 100 µm, and thus 
the products are easily collected via centrifugation. In the case of mesoporous silica synthesized 
under basic conditions, sufficient washing to neutrality is necessary to avoid destroy of 
mesostructure caused by the residual NaOH. However, the washing step can be skipped when HCl 
is used as catalyst because volatile HCl does not affect the quality of the products and can be 
completely removed along with surfactants upon calcination [71]. In addition, as SBA-15 is 
synthesized at low temperature (room temperature) under acidic conditions, the washing step may 
cause the destruction of partially cross-linking frameworks. Normally, the drying step for as-
synthesized mesoporous materials is usually carried out at room temperature. Wet silica gels 
obtained under acidic conditions have many unreacted silanols, which further cross-link condensed 
silica species during the drying process[72].   
Due to the easy operation and complete elimination, calcination has become the most popular 
method to remove templates from as-synthesized inorganic-organic composites. Organic 
surfactants can be totally decomposed or oxidized in oxygen or air atmosphere. This method is 
common applied in the synthesis of mesoporous silicates, aluminosilicates, metal oxides, and 
phosphates. The temperature decomposing rate should be slow enough to prevent the structural 
collapse caused by fast and overheating. Calcination of the as-synthesized SBA-15 materials with 
a rate of 1-2 °C/min to 550 °C and keeping at this temperature for 4-6 h can totally remove triblock 
copolymer templates. Calcination temperature should be lower than the stable temperature for 
mesoporous materials but higher than 350 °C to completely remove PEO-PPO-PEO (poly 
(ethylene oxide)–poly (propylene oxide)–poly (ethylene oxide)) type surfactants. Higher 
calcination temperature would lead to a lower surface area, smaller pore volumes and less surface 
hydroxyl groups as well as a higher cross-linking degree of mesoporous materials. In addition, 
overheating will eliminate the carbon chain fragments and make the surface of materials less 
hydrophilic. However, the drawbacks of calcination are the waste of surfactants and the sacrifice 
of surface silanol groups. Moreover, it is not suitable for thermally unstable and air-sensitive 
materials, such as sulfides and organic silica.  
Extraction is a mild and efficient method to remove surfactants and generate porosities without any 
side effect on frameworks [71]. Ethanol or THF can be used as an organic extracting agent and a 
small amount of hydrochloric acid can be added to improve the cross-linking of frameworks and 
to reduce the effects on mesostructures [73].  For example, more than 95% triblock copolymer 
P123 can be extracted from as-synthesized SBA-15 and recovered to reuse [74]. Compared with 
calcination, extraction can produce silica materials with larger pore sizes in some cases. Also, many 
    
 
more surface hydroxyl groups can be kept, which will enhance the hydrophilic property and modify 
the reactivity of pore channels. However, the application of extraction is limited because 
surfactants cannot be completely removed.  
Tian et al. first utilized microwave digestion (MWD) to remove of surfactants [75].  As-
synthesized SBA-15 was placed in a reactor with an appropriate amount of HNO3 and H2O2. It is 
only take 3-10 minutes to totally remove surfactant in the mesopores by using MWD technique. It 
is an effective way to remove surfactants without sacrificing the silanols in the mesopores and 
distinct framework shrinkage. The most important advantage of this method is that abundant 
silanols serve as ideal hosts for nanocasting replica mesostructures. This technique can be widely 
applied in the synthesis of porous materials except for those that are either easily oxidized or 
sensitive to acids.  
2.1.2 Mesoporous Carbon Nitride 
Mesoporous carbon nitride (MCN) is a well-known and fascinating material that enable researchers 
to control their semi-conducting properties. There are five different structures of the CN materials: 
one is two dimensional graphitic C3N4 and the rest is three-dimensional α-C3N4, β- C3N4, cubic- 
C3N4, and pseudocubic-C3N4.  CN is an useful material having potential applications in many 
fields due to its unique properties, such as semi-conductivity, intercalation ability, and hardness. 
Vinu et al. used the SBA-15 as a template to produce mesoporous carbon nitride with a uniform 
pore-size distribution (MCN-1) [76]. Then Groenewolt and Antonietti reported that nanoparticles 
of graphitic C3N4 with different diameters and morphology could be immobilized inside the 
channels of mesoporous silica host matrices [77].  
Two-dimensional mesoporous carbon nitride (MCN) with tunable pore diameters have been 
successfully prepared for the first 
time using SBA-15 materials with different pore diameters as templates through a simple 
polymerization reaction between 
ethylenediamine (EDA) and carbon tetrachloride (CTC) by a nano hard-templating approach.  
 
In the following research, Vinu et al. also used a nano hard-templating approach to prepare two-
dimensional mesoporous carbon nitride with tunable pore diameters. The SBA-15 materials with 
different pore diameters were used as templates and a simple polymerization reaction between 
ethylenediamine (EDA) and carbon tetrachloride (CTC) was included. The preparation process is 
illustrated in Fig. 10. In their study, they found that the pore diameter, and the nitrogen content of 
the mesoporous carbon nitride materials can be easily tuned by the simple adjustment of the EDA 
to CTC weight ratio in the synthesis mixture. This provide a new way to fabricate new porous 
    
 
nitrides with very-high nitrogen contents and tunable textural structures. 
 
With the advantages of unique combination of properties, including semiconductivity, extreme 
hardness, biocompatibility, low density, special optical features, energy-storage capacity, and 
presence of basic sites, MCN materials (N-doped carbon materials) of mesopore structure can be 
used not only for energy storage and fuel cells, but also for many other applications like biosensors 
[78-82]. But up to date only few different structures of CN materials have been isolated: one is two 
dimensional graphitic C3N4 and the others are three-dimensional carbon nitrides, namely Y-C3N4, 
Z-C3N4, cubic-C3N4, andpseudocubic-C3N4. Among the CN materials, Z-C3N4 and its allotropic 
cubic and pseudocubic phases are super hard materials whose structure and properties are expected 
to be similar to those of diamond and Z-Si3N4 [82]. CN materials with no porous structure can be 
prepared from molecular precursors at very high temperatures [78]. 
 
Nanocasting approach is commonly used to prepare N-doped mesoporous carbons. The approach 
usually uses nitrogen-containing polymers as carbon and nitrogen sources, and impregnate them 
into the pores of the ordered mesoporous silicas (i.e., the hard templates), finally the in situ 
carbonization and removal of the silica template to obtain the products [83]. Sharma et al. reported 
the synthesis of N-doped carbon nanotubes and found that the field emission properties of carbon 
nanotubes can be easily controlled by varying the amount of nitrogen doping [84]. Koh and 
Nakajima reported that the carbon nanostructures doped with heteroatoms changes the electron 
donor-acceptor characteristics of the materials [85]. They further reported that the properties can 
be controlled by modifying the nature and the coordination of the carbon and the heteroatoms. It 
has been also found that the concentration of heteroatoms in the carbon nanostructures plays a 
crucial role in controlling the reactive points in the carbon nanostructure. Paez et al. observed that 
the concentration of reactive points in carbon nanotubes wall increases with increasing the doping 
atoms, which also cause clear electronic and structural differences in the carbon nanotubes [86]. 
Qiu and Gao reported the chemical synthesis of nonporous turbostratic carbon nitride crystallites 
from polymerized ethylenediamine and carbon tetrachloride [78]. 
 
In nanocasting approach, cyanamide, dicyandiamide, melamine, EDA, and CTC are commonly 
used as a nitrogen source for the synthesis of mesoporous CN materials. But the toxic and expensive 
cyanamide and dicyandiamide are not suitable for large-scale production. Also the low sublimation 
temperature (300 °C) of melamine makes it unfavorable in the synthesis process [87]. Due to their 
relatively low costs. EDA and CTC are more often used as precursors for the synthesis of 
mesoporous CN materials. As is well known, three-dimensional (3-D) pore channels are more 
    
 
advantageous for mass diffusion than 2-D pores. But few researchers reported the synthesis of 3-
D mesoporous CN materials. To address these problems, Li et al. synthesized the hierarchical 
mesoporous carbon nitride spheres by using spherical mesostructured cellular silica foams (MCFs) 
as a hard template, and ethylenediamine and carbon tetrachloride as precursors. As is shown in Fig. 
11, the prepared spherical CN materials have uniform diameters of 4 μm, hierarchical three-
dimensional (3-D) mesostructures with small and large mesopores with pore diameters centered at 
4 and 43 nm, respectively. Furthermore, the high specific surface area (~550 m2 /g), high nitrogen 
content (17.8 wt%) with abundant nitrogen- and oxygen-containing basic sites give them attractive 
property for the application in CO2 capture and some other areas. 
 
However, the hard-templating approach involves a time-consuming and costly process, and 
unsuitable for mass production. In order to overcome this difficulty, some researchers used the the 
organic-organic self-assembly of amphiphilic block copolymers poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) (PEO-PPO-PEO) and phenolic resin (the carbon 
precursor) to synthesize ordered mesoporous carbons [88, 89]. Enlightened by this method, some 
other N-containing pre-cursors, such as urea-phenol-formaldehyde resin, melamine resins and 
dicyandiamide were employed as carbon sources to produce N-doped mesoporous carbons. 
Unfortunately, due to the decomposition of N-containing precursor caused by the presence of 
Pluronic surfactant with high oxygen content, almost all the prepared materials have inferior pore 
structure with poor thermal stability or low N content [90, 91]. What is worse, the high-temperature 
pyrolysis can also accelerate the decomposition of N-containing frameworks, causing a low N 
content or collapsed mesostructure. Hao et al. successfully made use of the direct self-assembly of 
poly(benzoxazine-co-resol) to produce N-doped porous carbons with well-defined hierarchical 
porosities [92]. But the low N content of 3.38 wt% was not satisfactory.  
 
Other researchers attempted to use the direct carbonization of ionic liquids with N-containing 
groups to synthase of N-doped mesoporous carbon; however, the prepared mesoporous carbons 
suffered from wide pore size and disordered mesostructured [93]. The successful attempt on the 
direct synthesis of ordered mesoporous carbons with high N content and large surface area from 
organic–organic self-assembly was made by Wei et al. [94]. They used a low-molecular-weight 
soluble resol as carbon source, dicyandiamide as a nitrogen source, the F127 as a soft template to 
synthesize N-doped ordered mesoporous carbons with a high N content. More importantly, the 
ethanol and water were introduced as a mixed solvent and a controllable one-pot synthesis was 
realized via evaporation-induced self-assembly (EISA) process. The preparation process is shown 
in Fig. 12. In this synthesis, the Pluronic F127 template and dicyandiamide were bridged by resol 
    
 
molecules under the hydrogen bonding and electrostatic interactions. Another critical point is that 
the rigid phenolic resin was formed 100 ° C while the subsequent pyrolysis was carried out at 600 ° 
C for carbonization. Here the successful synthesis of ordered N-doped mesoporous carbon heavily 
depend on closed N species provided by the dicyandiamide and the stable framework formed by 
resol.  The ingenious experimental design gave them tunable mesostructures with pore size (3.1–
17.6 nm), high surface area (494–586 m 2 g-1), and high N content (up to 13.1 wt%). The prepared 
materials show good performance as the supercapacitor electrode with specific capacitances of 262 
F g-1 (in 1M H2SO4) and 227 F g
-1 (in 6 M KOH) at a current density of 0.2 A g-1. 
 
However, little attention has been paid to the doping of carbon materials with porous structure. 
Kyotani et al. filled this gap by reporting that nitrogen containing microporous carbon with a highly 
ordered structure can be synthesized using zeolite Y, furfuryl alcohol and acetonitrile as the 
template, respectively [95]. Yang etal. described the synthesis of nitrogen-doped mesoporous 
carbon using polypyrole, SBA-15, and ferric chloride as the carbon precursor, the template and the 
oxidant, respectively [96]. The main drawback of the above process is the excess amount of ferric 
chloride added to the mixture to polymerize the pyrole molecules in the channels of mesoporous 
silica template. Thus the formation of iron oxide nanoparticle during the carbonization process is 
unavoidable. Furthermore, an additional process was required to remove the iron oxide 
nanoparticle formed inside the porous matrix after the synthesis. Therefore, the development of 
new method for doping heteroatoms in porous carbon materials without the use of ferric chloride 
is compulsory. Vinu et al. reported the successful synthesis of mesoporous carbon nitride materials 
through the polymerization reaction between ethylenediamine (EDA) and carbon tetrachloride 
(CTC) by using SBA-15 as a template [97-99].  
2.1.3 Ordered Mesoporous Carbons 
Carbon materials including fullerenes, carbon nanotubes, and graphene used for electrochemical 
purposes are commonly in nanoscale, yet another family--the ordered mesoporous carbons is now 
emerging as a promising ones for applications in energy conversion and storage [100]. These 
materials exhibit a widely open and highly interconnected pore structure as well as large conductive 
surface areas and thus become a great attraction for researchers. 
 
The highly ordered mesoporous carbons exhibiting Bragg diffraction of X-ray lines was first 
synthesized by R. Ryoo et al. using mesoporous silica molecular sieves as the template [101]. Inside 
the mesopores of the silica molecular sieves, sucrose was converted to carbon through a mild 
carbonization process. The highlight of this research was that the obtained structure was not simply 
    
 
a negative replica of the used silica template, but a new ordered array that was triggered by the 
removal of the silica frameworks. Coincidently, Hyeon et al. also synthesized a mesoporous carbon 
with three-dimensional interconnected 2 nm pore arrays by using AlMCM-48 as a template and 
use the mesoporous carbon as an electrochemical double layer capacitor [102]. The breakthrough 
stimulated explosive research on the preparation of mesoporous carbons study. In general, the 
ordered mesoporous carbons are prepared via a template carbonization route. Both soft and hard 
templating approaches have been employed to produce mesoporous structures. Most recently, Liu 
and his colleagues developed a facile soft-template method to synthesize ordered mesoporous 
resorcinol formaldehyde nanospheres with particle size from 80 to 400 nm and mesopores of 
around 3.5 nm in diameter, successfully overcoming the difficulty of synthesizing monodisperse 
mesoporous polymer nanospheres with diameters below 500 nm. Furthermore, the resultant 
polymer nanospheres were used for the preparation of mesoporous carbon nanospheres (MCNs) 
via a carbonization process. The preparation process of MCNs is illustrated in Fig. 13. The 
morphology of produced MCNs was shown in Fig. 14. The obtained mesoporous carbon 
nanospheres were proved to be suitable host cathode materials for lithium–sulphur batteries. The 
synthesis strategy provides a benchmark for fabricating well-defined porous carbonaceous 
nanospheres with potential for energy storage and conversion applications. 
 
The preparation of ordered mesoporous carbon by nanocasting, which is also called hard templating 
or repeatedly templating, involves four steps, including: (1) the preparation of a mesoporous 
template with controlled architecture; (2) the incorporation of a suitable carbon precursor into the 
mesopores via wet impregnation or chemical vapour deposition; (3) the polymerization of the 
resulting organic–inorganic composite and its carbonization at high temperature; (4) the removal 
of the scaffold by etching in HF or alkaline dissolution. As the space once occupied by the host 
hard template is transferred into the pores of the carbon material, the resulting structure is a replica 
of the mesoporous silica one [37]. The process is illustrated in Fig. 15. The carbon precursors 
include sucrose, furfuryl alcohol, naphthalene, mesophase pitch, C2H2, polyacrylonitrile, and 
phenolic resin. The resultant macroscopic morphologies vary from film, rod, sphere, and “single 
crystal” to monolith. Both the precursor nature and concentration have a great impact on the 
physico-chemical properties of the final products. For example, the mesoporous carbons of the 
CMK-3 type used for electroanalytical purposes have specific surface areas in the range of 900–
1500 m2 g-1, total pore volumes extending from 1.1 to 1.7 cm3 g-1, and pore sizes ranging typically 
between 3.3 and 5.0 nm [103]. Mesochannels are produced by the voids between carbon rods. 
Therefore, the pore size distribution is relatively wider than the mother silica template.  
 
    
 
Up to date, the commonly explored mesoporous carbon materials CMK-1 and CMK-3 were 
obtained from the small-pore cubic Kit-6 or MCM-48 mesoporous silicas and the large-pore 
hexagonal SBA-15 (Fig. 16). The different thicknesses of the silica walls in the starting mesoporous 
silica moulds (i.e., thinner in MCM-48 and thicker in SBA-15), will produce varied average pore 
sizes of the resulting replica CMK-1 and CMK-3. Mesoporous silica templates such as SBA-15, 
are particularly popular due to their tunable wall thickness, because these templates enable 
researcher to tune the pore size of the mesoporous carbons. Consequently, the produced carbon 
mesostructures share the similar geometry (cubic or hexagonal) to the mother mesoporous silica 
templates.  
 
Nevertheless, mesoporous carbons produced by nanocasting approach are not satisfactory in terms 
of their relatively wider pore size distribution than the mother silica template, and the expensive 
mesoporous silica as the template and the time-consuming preparation process. To circumvent 
these limitations, a soft-templating approach is developed, and this approach is proved to be 
effective in producing carbons with improved electrical conductivity [104]. Using the 
supramolecular aggregates as templates, for instance lock copolymers, soft-templating is another 
commonly used method to prepare ordered mesoporous carbonaceous frameworks. Both the 
aggregates of block copolymers themselves and the assembling with thermosetting resins have the 
abilities to organize the ordered mesostructures. The preparation process is described as follows: 
first of all, the formation of supramolecular arrangement of molecules; secondly, templating and 
cross-linking; finally, the removal of templates followed by the carbonization.  
 
Using hierarchically ordered mesoporous silica as templates, Hyeon et al. prepared various 
mesoporous carbons with hierarchical structures [105]. The prepared bimodal mesoporous silica 
material is composed of 30 ~ 40 nm sized nanoparticles with 3.5 nm sized three-dimensionally 
interconnected mesopores by using sodium silicate as a silica source. Then this bimodal 
mesoporous silica was used as the template to prepare bimodal mesoporous carbon. This is more 
cost-effective and much simpler approach when compared with the conventional synthetic 
approach. By making use of the corresponding mesoporous silicas spheres as templates, Fuertes 
reported the spherical-shaped mesoporous carbons with controlled particle diameters in the range 
of 10 nm-10 µm [106]. 
 
Yoon et al. used solid core/mesoporous shell (SCMS) structured silica as a template to prepare 
hollow core/mesoporous shell (HCMS) carbon [107]. The synthesis of anonporous solid silica core 
used the Stöber method while the formation of the mesoporous silica shell was carried out via the 
    
 
sol–gel reaction of tetraethylorthosilicate (TEOS) with octadecyltrimethoxysilane (C18TMS) on the 
surface of the solid silica spheres. Fig. 17 (a) shows the synthetic scheme for HCMS. The selected 
SCMS silica templates controlled the diameter of the hollow core and the thickness of the 
mesoporous shell (Fig. 17 (b)). Then Yu’s groups synthesized silicalite-1 zeolite core/mesoporous 
silica shell (ZCMC) structures from the sol–gel reaction of TEOS with C18TMS on the surface of 
solid pseudohexagonal prismaticshapedsilicalite-1 zeolite particles [108]. Then utilizing the ZCMS 
particles with their bimodal microporous core/mesoporous shell structure as the template, they 
successfully fabricated a carbon structure. It is worth noting that the pore-replication process was 
only observed through the mesopores in the shell, and not found through the micropores. This was 
because that the smallness of the micropores in the zeolite core only led to the production of 
hollowcore/mesoporous shell (HCMS) carbon with a pseudohexagonal prismatic shape. Using a 
similar synthetic procedure, Kim et al. synthesized nanorattles composed of a gold nanoparticle 
encapsulated in a hollow mesoporous carbon sphere. In their study, a silica template with solid 
silica cores containing a gold nanoparticle and mesoporous shell were employed. The skipped 
carbonization step allowed them to fabricate nanorattles with a mesoporous poly(divinylbenzene) 
shell [109].  
2.1.4 Ordered Mesoporous Metal Oxides 
Even if there is an extensive research on the preparation of silica mesostructures, a new trend 
towards the synthesis of non-silica mesostructures become more and more apparent in recent 
decades. Unlike the synthesis of silica mesostructures, where the hydrolysis and condensation of 
silica precursors are easy to control and the resultant silicas are thermally stable during calcination, 
the preparation of non-silica mesostructures are usually more challenging in view of the difficulty 
in controlling the hydrolysis and condensation of non-silica precursors [110]. In the family of non-
silica mesoporous materials, mesoporous transition metal oxides are especially attractive because 
they possess some particular properties, such as the redox active internal surfaces, connected pore 
networks and d-shell electrons confined to nanosized walls. These attributes give them advantages 
to be applied in energy conversion and storage, catalysis, sensing, adsorption, separation, and 
magnetic devices [111-114].  
 
Both soft and hard template approaches are often adopted to prepare the mesoporous metal oxides. 
Soft templates (also known as surfactant templates) have structures that can vary dynamically 
depend on the synthesis conditions hard templates, including colloidal dispersions, colloidal 
crystals, porous membranes, and lithographic patterns, have more rigid structures and are used to 
obtain porous materials with more complex structures [115]. 
    
 
 
Soft templates making use of cationic surfactants such as alkyltrimethyl ammonium surfactants; 
anionic surfactants such as C16H33SO3H to produce ordered mesostructured metal oxides (WO3, 
Sb2O5, Fe2O3, etc.) was first reported by Huo et al. [116]. Two different synthetic methods were 
explored: direct co-condensation with surfactants of opposite charges and indirect co-condensation 
of similarly charged species mediated by the intercalation of counter ions (Na+ and K+) at the 
surfactant–inorganic interface. However, the mesostructures collapsed when the surfactant was 
removed by calcination. To overcome this problem, Antonelli and Ying used tetradecyl-phosphate 
as a template and added acetyl acetones to decrease the hydrolysis rate of titanium acetylacetonate 
tris-isopropoxide. Through this ingenious “ligand-assisted” design, they successfully prepared 
ordered mesoporous TiO2 from which the template could be removed by calcination. Very quickly, 
this method was applied to produce ordered mesoporous Nb2O5, Ta2O5, VOx, and phosphated ZrO2 
with ordered and amorphous walls [117-119]. 
 
Further exploration on soft templating method is to use evaporation induced self-assembly (EISA) 
to fabricate ordered semicrystalline mesoporous metal oxides. Sanchez and Antonietti et al. used a 
semi-commercial “KLE” template to produce ordered crystalline mesoporous metal oxides [120]. 
The results are shown in Fig. 18. The whole process can be divided into three steps: first of all, the 
preparation of stable solutions containing the KLE3739 copolymer (PBH79-b-PEO89, PBH = 
hydrogenated poly (butadiene) template) and the inorganic precursors at the appropriate 
stoichiometry; secondly, the evaporation induced self-assembly associated with dip-coating. 
Evaporation induced the progressive concentration of inorganic precursors into a homogeneous, 
flexible, and poorly condensed network surrounding the surfactant mesophase (M1xM2yOz(OR)w, 
where R = CnH2n+1, n = 0-4); Finally, a treatment step involving pre-consolidation, template 
removal, and network crystallization. In this way, complex metal oxide nano-crystalline films (e.g., 
SrTiO3, MgTa2O6) were successfully obtained. 
 
Hard templating is another popular approach used to synthesize mesoporous materials with novel 
mesostructures. The commonly used templates include mesoporous silicas with different pore 
architectures (e.g., KIT-6, FDU-12, SBA-15, SBA-16, MCM-41 and MCM-48) or mesoporous 
carbons (CMK-1 and CMK-3). Mesoporous single crystalline Cr2O3 was the first example of 
employing hard template (amine-functionalized SBA-15) to prepare porous transition metal oxides. 
As is shown in Fig. 19, Cr2O3 was consisted of nanowire arrays and connected by short bridges 
[121]. From then on, other mesoporous metal oxides such as WO3 and a-Fe2O3 were successfully 
prepared via hard template method. 
    
 
 
The major drawback of hard templating approach is the difficulty in filling the mesoporous silica 
template completely. This incomplete filling is resulted from the complex interactions between the 
silica template and the filtering metal ion precursors. These interactions include Coulombic 
interactions, hydrogen bonding, van der Waals interaction and coordinating interaction [122]. To 
address this problem, the decoration (post synthesis grafting or one-pot preparation) of the 
mesoporous silica templates by functional groups such as -NH2, -CH=CH2) was applied to enhance 
the interaction between the organic group and metal ion precursor, thus improving the loading of 
metal ion precursor [123-125].  
 
Other methods used to produce ordered mesoporous metal oxides include the two-solvent method, 
solvent evaporation method, solid-liquid method, impregnation-precipitation-calcination method, 
and combustion method. They are all reckoned as surface functionalization-free approaches. The 
two-solvent method makes use of the mixture of the suspension of mesoporous silica in dry hexane 
and a concentrated aqueous solution of metal nitrate to produce mesostructures. Here the hexane, 
acting as driving factor, pushes the precursors into the pore. To reach the aim of maximum 
impregnation quantity and to prevent the growth of metal oxides beyond the pores, the solution 
volume is optimized to approximate the silica pore volume [126-128]. The solvent evaporation 
method takes advantage of the easy violability of ethanol and uses it as solvent to dissolve both 
mesoporous silica and the nitrate precursors [129]. The slow evaporation of ethanol caused nitrate 
precursor to transfer into the pores by capillary condensation. Compared to the aforementioned 
method, the solid-liquid method is a relative simple one. The mesoporous silica template is ground 
with a metal nitrate together. Then heat is introduced to heat the mixture above the melting point 
of the precursor to facilitate the metal precursor to migrate into the pores of silica [130]. However, 
this method is only applicable to certain precursors having a lower melting temperature than their 
decomposition temperature, such as Ce(NO3)3·6H2O, Ce(NO3)3·6H2O, Co(NO3)2·6H2O and 
Ni(NO3)2·6H2O. The impregnation-precipitation-calcination method first impregnates mesoporous 
silica with a metal chloride and then dried the solution under NH3 atmosphere to convert the 
chloride into hydroxide. Finally, the metal oxide is formed via calcination. To get the mesoporous 
metal oxide and to remove the template, the process needs to be repeatedly carried out. The famous 
products produced via this method involve the mesoporous CeO2, Co3O4 and NiO [131, 132].  
 
But these methods are not applicable to all metal oxides. The incapability of the hard templating 
method is proved in the production of ordered crystalline mesoporous CuO. To get this product, 
special method is necessary to be introduced. For instance, Lai et al. used carbon template CMK-
    
 
3 to prepare mesoporous CuO and removed the template by calcination in air at 500 ºC for 48 h 
[133]. Another more complicated combustion method was turned out to be effective to prepare 
CuO. As is illustrated in Fig. 20, KIT-6 was employed as the template and immersed in an aqueous 
Cu(NO3)2 solution. After the solution was dried at 373 K for 1h, the copper precursor-silica 
composite was exposed to NH3 vapor for a second drying. This impregnation-ammoniation-drying 
process was repeated more than once. Finally, the dried composite was calcined to form the 
CuO/silica nanostructure [134]. 
 
In short, a brief summary of the serval methods will avoid some confusion and lead to a better 
understanding of the preparation of the mesoporous metal oxides. The relatively simple “two 
solvents” and solvent evaporation methods do not require on strict reaction conditions. But the 
surface functionalization/decoration needs an inert gas surrounding for the whole process [121]. 
As to the impregnation-precipitation-calcination method, the long preparation time and high 
possibility of product contaminated by residual chlorine are the two major problems restraining its 
wide application. 
2.2 Pore Size Control of Mesoporous materials 
Several methods can be used to tailor the pore size of mesoporous materials [135-140]. First of all, 
since the pore size of mesoporous materials mainly depends on the hydrophobic groups in the 
surfactant, cationic quaternary surfactant with longer alkane chain can result in mesoporous 
material with a larger pore size. Adjusting the carbon chain length in a cationic Gemini surfactant 
can tune the pore size in the range of 1.6 to 3.8 nm for MCM-48 prepared by the hydrothermal 
method [141]. In general, the block copolymer micelles (in most cases, spherical) are larger than 
those aggregated by low-molecular weight surfactants. For example, the conventional PEO-PPO-
PEO triblock copolymers can form aggregates with 15-60 molecules, several times larger than low-
molecular-weight surfactants [33]. Therefore, the pore size of mesoporous silica templated by 
triblock copolymers is larger than those from low-molecular-weight surfactant systems.  
 
Secondly, the pore size of mesostructures can be tuned by changing the hydrothermal temperature 
and time [142]. In the case of synthesis SBA-15, the PEO blocks become hydrophobic and retract 
from the silicate walls during hydrothermal treatment at high temperature. The hydrolysis and 
cross-linking of inorganic species and assembly with surfactant continue to react at this stage. The 
enlarged surfactant micelles result in large-pore SBA-15, thin pore walls, and low micropore 
volumes [143, 144]. The mesopore sizes of SBA-15 can be easily tuned by varying hydrothermal 
temperature and hydrothermal treatment time. In addition, adding organic swelling agents is an 
    
 
important and efficient way to enlarge the pore size [145]. The hydrophobic organic species can be 
solubilized inside the hydrophobic region of surfactant micelles, which leads to a swelling of the 
micelle. It has been confirmed that some additives of long organic hydrocarbons such as dodecane, 
TMB, triisopropylbenzene, tertiary amines, and poly (propylene glycol) can be applied to expand 
the pore size [146-148].   
 
In contrast to mesoporous silicates, the pore size of mesoporous carbons (MCS) is difficult to 
control [149]. In mesoporous silicates, the pore size can be easily tuned by varying the temperature 
and time, altering the surfactants chain length [150] and molecular weight of the block copolymers 
[151], or adding organic swelling agents [152]. However, the pore size of mesoporous carbons 
depends on the thickness of the silica walls, which is difficult to be tuned, and the pore diameter of 
normal mesoporous carbons is around 4.5 nm. In order to attain smaller pore sizes, some other 
mesoporous silicas such as SBA-3 and HMS have been used as templates [153, 154]. Sucrose is 
one of the most convenient carbon sources, but its polymerization process is hard to control with 
H2SO4 as a catalyst, therefore, sucrose is not a suitable source for preparing tubular mesoporous 
carbon. Furfuryl alcohol is another useful carbon source whose polymerization process can be 
catalyzed by the acidic sites resulting from tetrahedral aluminum on the mesoporous silicate 
frameworks, and is therefore easier to control [155-157]. By using furfuryl alcohol as carbon source, 
and carefully nanocasting on the surface of the channels of the mesoporous silicate, ordered tubular 
mesoporous carbon replicas can successfully be prepared.  
2.3 Morphology Control of Mesoporous Materials 
It is important to control the morphology of mesoporous materials for industrial applications, such 
as films in catalysis and separation, monoliths in optics, functional spheres in drug delivery and 
template for nanocasting other mesostructures. Mesoporous molecular sieves are made of 
amorphous walls, which make it possible to synthesize materials on both the mesoscale 
(mesostructure) and macroscale (morphology) under control.  
Mesostructure assembly and morphology growth influence each other [158, 159]. It has been found 
that several factors can affect the morphology of the final materials: hydrolysis and condensation 
of silicate species, the shapes of surfactant micelles, the interactions between them, and the 
additives (inorganic salts, organic swelling agents, co-solvents and co-surfactants). Changing these 
parameters can lead to the formation of mesostructured silica fibers, thin films, monoliths, spheres, 
single crystals, etc.  
For example, Zhao et al. first synthesized mesostructured SBA-15 by using TEOS 
    
 
(tetraethoxysilane) as a silica source templated by Pluronic 123 (P123, EO20PO70EO20) and 
Pluronic F127 (F127, EO106PO70EO106) [160]. A colloidal phase separation mechanism (CPSM) is 
proposed based on the investigations of the formation of mesoporous crystals templated by 
nonionic surfactants [47]. The meso-topological evolution includes cooperative assembly, 
colloidal-like interaction, and multiphase energy competition. The first stage takes place at the 
molecular level to form surfactant-silica composite aggregates. Then coalescence and condensation 
of these nano-building blocks give a liquid-crystal-like phase making up of the block copolymer-
silica hybrid species. As the silica species further condense, the liquid phase grows denser with 
time and finally separates from the water phase. In the final stage, the mesostructure assembly is 
continuing, and the separated liquid-crystal-like phase is further growing into the final solid 
mesostructure. Although the free energy of the meso-phase formation is responsible for the final 
mesostructure, the competition between and the surface free energy of this liquid-crystal-like phase 
determines the morphology of final mesoporous materials. Additionally, Zhao et al. Yu et al. have 
also demonstrated the successful synthesis of cubic mesoporous silica (lm3m) with the uniform 
shape, using block copolymer F108 as a template and an inorganic salt (KCl) as an additive under 
acidic conditions [161, 162]. 
 
The morphology control of OMC is similarly to mesoporous silica materials. OMC are also 
expected to be prepared with different morphologies to meet the requirements of various 
applications. As an example, using SBA-15 nanorods with a uniform length (1~2 μm) and highly 
ordered hexagonal mesostructure as the templates, OMC with the same rod-like morphology can 
be obtained. These carbon rods not only replicate the well-ordered mesostructure of the silica 
tetemplates, but also completely retain the macroscopical morphology of the template. However, 
all of these OMC are powders that are difficult to manufacture into bulk morphologies unless 
organic species are added as binding agents. 
3. Application of Mesoporous Materials in Energy Storage 
Recently, researches regarding mesoporous materials have been focused mainly on three aspects: 
(1) revealing the mesostructures or microstructures of the carbon frameworks of the replica 
materials by using structure and physical characterization method; (2) examining the properties of 
mesostructures to explore possible applications in energy storage and sorption; (3) creating novel 
periodic nanostructured carbon materials and discovering new synthetic pathways for this purpose. 
Particularly, the energy storage application is worthy of our attention.  
    
 
3.1 Used as Electrocatalyst Support  
OMC materials exhibit superior electrochemical properties compared with active carbon and other 
carbon materials [163-165]. Platinum supported on carbon is now widely used as electrocatalyst 
for the low temperature fuel cell cathode for platinum shows high catalytic activity for oxygen 
reduction reaction. To achieve uniform and highly dispersed Pt deposition on the electrocatalyst 
support, the Pt catalyst is generally supported on carbon material with a high surface area. The 
support material should offer a high electric conductivity, and uniform catalyst dispersion. The 
support can also provide an easy access for reactant gas molecules to the catalyst, and can be water 
resistant, particularly at the cathode where water is generated. It should also have good corrosion 
resistance, especially under the highly oxidizing and acidic conditions. In general, the conventional 
carbon black, such as Vulcan XC-72R, Black Pearls BP 2000, Ketjen Black International, basically 
satisfy these requirements [166, 167]. In order to improve the efficiency of the cathode catalyst to 
a higher level, novel non-conventional carbon materials are worthy being examined as the support 
for Pt deposition. These carbons include aerogel carbon nanotube (CNT), carbon nanofibers (CNF), 
amorphous super-microporous carbons (ASCs), and mesoporous carbons (MCs). 
 
CNFs have the unique electrical and structural properties which enable them to have a promising 
application as the catalyst support in fuel cell technology [168-170]. CNF samples are mesoporous 
materials with the pore size of 6~18 nm and a large surface area (over 100 m2/g). CNFs as the 
catalyst support are better than conventional commercial carbon black supports (Vulcan carbon) in 
promoting hydrogen oxidation activity in proton exchange membrane fuel cells (PEMFCs) [171]. 
ASCs are attractive materials as cathode catalyst support as they have a very high specific surface 
area-up to 3300 m2/g and large microporous volume (i.e. pores with a diameter less than 2 nm)-
from 1 to 1.6 cm3/g. These micropores can help ASCs to stabilize small Pt particles [172]. In 
particular, mesoporous carbons are a very promising support since they offer variable pore size, a 
well-ordered pore channel for the gas molecule to easily access the catalyst particles, high surface 
area for Pt good dispersion and various particle morphologies. 
 
A number of researchers have studied Pt metal loaded mesoporous carbon and their 
electrochemical performance in fuel cells. Ryoo and co-workers investigated oxygen reduction 
using Pt-loaded mesoporous ordered carbons [173]. Using a rotating electrode and Nafion (a 
sulfonated tetrafluorethylene copolymer) as the binding ionomer, they observed a significantly 
larger reduction currency than that of the conventional Pt-loaded carbon. 
    
 
3.2 Used as the Electrode for EDLC 
Electrochemical double layer capacitors (EDLCs) find their promising application in many 
electrochemical energy-storage devices that are ideally suitable for rapid storage and release of 
energy at relatively high rates. The popularity of these devices is derived from their higher energy 
density relative to conventional capacitors and their longer cycle life and higher power density 
relative to batteries. 
 
The EDLC version of the ultracapacitor is the most developed form of electrochemical capacitor. 
The vast increases in capacitance achieved by ultracapacitors derive from the combination of: (i) 
an extremely small distance that separates the opposite charges, as defined by the electric double-
layer; (ii) highly porous electrodes that embody very high surface-area. A variety of porous forms 
of carbons are currently preferred as the most extensively examined and widely utilized electrode 
materials in EDLCs because they have exceptionally high surface areas, relatively high electronic 
conductivity, and acceptable cost [174-177]. 
 
3.2.1. EDLC Construction 
EDLCs are constructed like a battery in that two electrodes are immersed in an electrolyte with an 
iron permeable separator located between the electrodes (Fig. 21). In such a device, each electrode–
electrolyte interface represents a capacitor so that the complete cell can be considered as two 
capacitors in series. For a symmetrical capacitor (similar electrodes), the cell capacitance (Ccell) 
will therefore be 
1/Ccell=1/C1 + 1/C2 
Where C1 and C2 represent the capacitance of the first and second electrodes, respectively [178]. 
This equation indicates that the capacitance is determined by the electrode with small capacity 
value.  
The double layer capacitance, Cdl, at each electrode interface is given by  
Cdl=εA/4πt 
Where T is the dielectric constant of the electrical double-layer region, A is the surface-area of the 
electrode and t is the thickness of the electrical double layer. In double-layer capacitors, it is the 
combination of high surface-area (typically >1500 m2g-1) with extremely small charge separation 
(Angstroms) that is responsible for their extremely high capacitance [179]. The energy (E) and 
power (Pmax) of ultracapacitors are estimated according to 
  E = 1/2CV2       
    
 
  Pmax= V
2/4R     
Where C is the dc capacitance (F), V the nominal voltage, and R the equivalent series resistance 
(ESR). 
 
The capacitance of a device is largely dependent on the structure features of the electrode material, 
such as the surface-area and the pore-size distribution. Due to the high porosity, and 
correspondingly low density of carbons, it is usually the volumetric capacitance of each electrode 
that determines the energy density [180]. 
 
Cell voltage is an important determinant of both the specific energy and the power of 
ultracapacitors. The operating voltage of ultracapacitors is usually dependent on electrolyte 
stability. Aqueous electrolytes, such as acids (e.g., H2SO4) and alkaline (e.g., KOH) have the 
advantage of high ionic conductivity (up to 1 S cm-1), low cost and wide acceptance. However, 
they have the inherent disadvantage of a restricted voltage range with a relatively low 
decomposition voltage of 1.23V [179]. Nevertheless, the specific capacitance (F/g) of high 
surface area carbons in aqueous electrolytes tends to be significantly higher than that of the same 
electrode in non-aqueous solutions owing to the higher dielectric constant that pertains to aqueous 
systems [181]. 
 
Non-aqueous electrolytes of various types have been developed that allow the use of cell operating 
voltages above 2.5V [179, 182]. Since the specific energy of ultracapacitors is proportional to the 
square of the operating voltage, non-aqueous electrolyte mixtures such as propylene carbonate or 
acetonitrile, containing dissolved quaternary alkyl ammonium salts, have been employed in many 
commercial ultracapacitors, particularly those targeting higher energy applications. The electrical 
resistivity of non-aqueous electrolytesis, however, at least an order of magnitude higher than that 
of aqueous electrolytes and therefore the resulting capacitors generally have a higher internal 
resistance. 
 
A high internal resistance limits the power capability of the capacitor and, ultimately, its application. 
In ultracapacitors, a number of sources contribute to the internal resistance and are collectively 
measured and referred to as the equivalent series resistance, or ESR. Contributors to the ESR of 
ultracapacitors include: (1) electronic resistance of the electrode material; (2) the interfacial 
resistance between the electrode and the current-collector; (3) the ionic (diffusion) resistance of 
ions moving in small pores; (4) the ionic resistance of ions moving through the separator; (5) the 
electrolyte resistance. 
    
 
3.2.2 Double-layer Capacitance of Mesoporous Carbons 
Mesoporous carbon has a large surface area for effective charge accumulation and an appropriate 
pore structure for good electrolyte wetting and rapid ionic motion, which satisfies the requirements 
for EDLC electrode materials. The major factors that contribute to the capacitance of a porous 
carbon are often complex (non-linear) relationships are: (i) assumptions in the measurement of 
electrode surface-area; (ii) variations in the specific capacitance of carbons with different 
morphology; (iii) variations in surface chemistry (e.g., wettability and pseudocapacitive 
contributions discussed above); (iv) variations in the conditions under which carbon capacitance is 
measured [183].  
 
Mesoporous carbon has a high surface-area to volume ratio and, consequently, when present in 
significant proportions is a major contributor to the measured area of high-surface-area activated 
carbons. The surface areas of porous carbons and electrodes are most commonly measured by gas 
adsorption (usually nitrogen at 77 K), using BET theory to convert adsorption data into the apparent 
surface-area. It is assumed that the surface-are accessed by nitrogen gas is similar to the surface 
accessed by the electrolyte during the measurement of capacitance. While nitrogen can be expected 
to penetrate the majority of open pores down to a size that approaches the molecular size of the 
adsorbate, electrolyte accessibility will be more sensitive to variations in carbon structure and 
surface properties [181]. Variations in electrolyte–electrode surface interactions that arise from 
different electrolyte properties (viscosity, dielectric constant, dipole moment) will also influence 
wettability and, hence, electrolyte penetration into pores [184-187]. In addition, the vast majority 
of open pores can contribute to the measured surface-area, not all pores are electrochemically 
accessible. Diffusion in pores will be reduced as pore size decrease. Eventually the pores are only 
as large as the electrolyte double layer in the pore and hence cannot contribute to capacitance. 
Ultimately, pore sizes will approach the double-layer dimensions, with the result that the movement 
of electrolyte will be restricted and, eventually, there will be a limitation on the ability of the 
electrolyte to form a double-layer [4]. The surface-area arising from pores in this size range (which 
are dependent on electrolyte molecular dimensions) would not be effectively utilized and is 
unlikely to contribute to double-layer capacitance. 
 
The specific double-layer capacitance is also highly dependent on carbon morphology [188, 189]. 
For example, the double-layer capacitance of the edge orientation of graphite is reported to be an 
order of magnitude higher than that of the basal layer. Carbons with a higher percentage of edge 
orientations could be expected to exhibit a higher capacitance. Furthermore, the measurement of 
carbon capacitance is very much dependent on the experimental conditions employed. For example, 
    
 
the electrode material capacitance observed with organic electrolytes is generally smaller than the 
corresponding value in an aqueous electrolyte. This difference is generally attributed to the larger 
overall diameter of the solvated organic electrolyte ions, which results in limited access to smaller 
pores. As an example, narrow micropores will only be accessed through an appreciable “solution 
resistance” arising from hindered or restricted electrolyte diffusion within these narrow pores. This 
will contribute directly to a high time constant (poor frequency response), and hence a low rate 
capability due to the retardation of the movement of ions in the pores during charging/ discharging. 
Therefore, these pores will only make a minor contribution to charge-storage capacity under high-
rate, or short duration, power pulse discharge or recharge.  
 
In electrochemical capacitors based on porous electrodes, an unavoidable distributed electrolyte 
resistance arises that extends into the depth of the pore. This resistance (R) is coupled with 
distributed interfacial capacitance (C) elements and leads to an electrode with a non-uniform 
distribution of effective resistance and capacitance (commonly referred to as the ‘transmission line 
model’). A distributed RC network then arises that restricts the rate of charge and discharge. This 
situation has also been described as a ‘penetration effect’ and limits the power capability of the 
system [190, 191]. At low charge rates, or frequencies, electrolyte ions have time to penetrate into 
the depth of the pores and additional surface-area is accessed (and distributed resistance is also at 
a maximum). As the charge rate or frequency increases, electrolyte penetration becomes poorer 
and smaller surface-area is accessed. Similarly, larger pores lead to a lower distributed electrolyte 
resistance and greater electrolyte penetration that enables the majority of the surface-area, and 
hence the capacitance would be higher [192]. Moreover, since only the electrolyte wetted surface-
area contributes to capacitance, the carbon processing is required to generate predominantly open 
pores that are connected to the bulk pore network. The pore size distribution of porous carbons also 
influences to a large degree the fundamental performance criteria of carbon-based ultracapacitors, 
i.e., the relationship between power and energy density, and the dependence of performance on 
frequency. The development of carbon materials with a tailored pore-size distribution could be 
used to obtain high capacitance and low resistance electrodes. Thus it is likely that carbon will 
continue to play a principal role in ultracapacitor technology, mainly through further optimization 
of porosity, surface treatments to promote wet ability, and reduced inter-particle contact resistance. 
4. Conclusion and Outlook 
This paper briefly reviews the preparation of certain mesoporous materials and their application in 
energy storage. We focused on the production of ordered mesoporous materials by a template route. 
These mesoporous materials include the silica-based mesoporous materials, mesoporous carbon 
    
 
nitride with high N content, metal oxides, ordered mesoporous carbons and ordered metal oxides.  
 
In order to get the materials suitable for the specific applications, the size of pore of mesostructures 
is tailored via a series of methods. Since the hydrophobic groups in the surfactant pose a great 
influence on the pore size of mesoporous materials, careful selection of different surfactants can be 
used to tune the pore size in mesoporous material. Another commonly used method is to change 
the hydrothermal temperature and time in the preparation process. A more complicated and 
effective method for pore-size control is to use mesoporous silicas such as SBA-3 and HMS as 
template to get specifically designed pore size. During the preparation process, the morphology of 
the final products can be controlled by changing the hydrolysis and condensation of silicate species, 
the shapes of surfactant micelles, the interactions between them, and the additives (inorganic salts, 
organic swelling agents, co-solvents and co-surfactants). This will give material scientists more 
powerful tools to design and obtain the desirable products with particular functions. 
 
Recent years have witnessed the explosive investigation on designing particular templated 
nanosystems for practical target applications. A lot of efforts have been made to improve the 
materials properties as well as the device performance. To be specific, for energy storage 
application, the investigation on high rate capability, high energy density, long-term operational 
stability is on the way. 
 
Developing mesoporous materials with most efficient storage capacity and conversion yields for 
energy applications is still a great challenge. Despite the extensive researches studying the diverse 
applications of mesoporous materials, commercial products ready for practical operation have not 
been obtained. For the practical application, the stability of mesoporous materials is quite an 
important question needs to be answered, especially for silica-based materials, which suffer from 
the low hydrothermal stability. The low stability derives from the easy hydrolysis of the Si–O–Si 
bonds in aqueous solutions, and thus contributing to the chemical and structural degradation. 
Another issue preventing the real application of mesoporous materials is the insufficient 
understanding about the influence of the textural parameters of mesoporous materials, such as the 
and pore volume, wall thickness, pore geometry and size, on the performance of the fabricated 
electrochemical devices. So further research should be conducted to promote our understanding in 
this respect.  
 
Another emerging research area worthy of exploration is the development of the mesoporous 
multicomponent systems. The additional properties come with the materials enable them to be used 
    
 
in particular situations requiring multifunctional materials (e.g., electrocatalysis and conductivity 
in capacitors). An important illustration is the materials with hierarchical porosity and structures. 
For instance, ordered crystalline metal oxides Fe2O3 with micro-meso dual/multi porosity has been 
reported by Jiao et al. [193]. The authors used decylamine as templates and FeIII ethoxide as the 
precursor to prepare ordered two-dimensional (2D) hexagonal mesoporous iron oxide (2DMIO) 
with P6mm symmetry and three-dimensional (3D) cubic mesoporous iron oxide (3DMIO) with 
Fm3m symmetry. The bifunctional surfactants used in this study can template micro- as well as 
mesostructures and enable the authors to prepare materials with simultaneous presence of micro- 
and mesoporous structures. The micro-meso dual porosity enable a single material to have multi-
functions with its useful magnetic, catalytic, electronic, and adsorption properties. As the research 
work goes further, it is certain that in the near future, mesoporous materials will become a 
promising and prominent selection in energy-storage market.  
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Figures 
 
Fig. 1 Ragone plot of various energy storage technologies 
 
  
    
 
 
 
Fig. 2 Mechanisms for capacitive charge storage at an electrode surface 
 
  
    
 
 
 
Fig. 3 Pore models of mesostructures of (A) p6mm,(B) Ia3d,(C) Pm3n,(D) Im3m,(E) Fd3m,and (F) 
Fm3m. 
 
  
    
 
 
 
 
Fig. 4 Two synthetic strategies of mesoporous materials: (A) cooperative self-assembly; (B) “true” 
liquid-crystal templating process. 
  
    
 
 
Fig. 5 a) SEM images and c) TEM images of calcined SBA-15-130 silica rods synthesized with 
0.5 M KCl at 38℃. b) SEM images and d) TEM images of mesoporous CMK-3-130 carbon rods 
synthesized using SBA-15-130 silica rods as templates. SEM images were obtained with JEOL 
6300-F microscope using 3.0 kV acceleration voltages. TEM micrographs were obtained with a 
JOEL 2000 transmission electron microscope operating at 200 kV. 
 
  
    
 
 
 
Fig. 6 Schematic pathway for preparing surfactant-templated mesoporous silicas, illustrating a 
formation mechanism based on a preformed liquid crystal (LC) mesophase (route A) or a 
cooperative process (route B). 
 
 
  
    
 
 
 
Fig. 7. Molecular graph of commercial nonionic surfactant: Poly (alkylene-oxide) block copolymer. 
 
  
    
 
 
 
Fig. 8. SEM images and X-ray powder diffraction patterns of as-synthesized SBA-1(a) and SBA-
6 (b). The crystal morphologies are consistent with the cubic point group symmetry of m3m. The 
X-ray diffraction patterns for these samples are indexed as Pm3n with a=86Å (as-synthesized), 
73Å (calcined) for SBA-1, and a=160Å (as-synthesized), 146Å (calcined) for SBA-6. Unit cell 
constants for SBA-1 and SBA-6 decrease 15% and 9%, respectively, after calcination. 
 
  
    
 
 
 
Fig. 9. Schematic of the steps participated in the synthesis of zeolites and other crystalline 
molecular sieves. 
 
 
  
    
 
 
 
Fig. 10 Preparation of mesoporous CN using SBA-15. 
  
    
 
 
 
 
Fig. 11 FE-SEM images of (a), (b) the spherical MCFs, and (c)–(f) the mesoporous CN spheres 
synthesized by the nanocasting approach using the silica MCFs as a hard template 
 
  
    
 
 
 
Fig. 12 The formation process of ordered N-doped mesoporous carbon from a one-pot assembly 
method using dicyandiamide (DCDA) as a nitrogen source. 
 
  
    
 
 
 
Fig. 13 Schematic illustration of the formation of MCNs. Self-assembly of mesoporous polymer 
spheres, followed by carbonization for the synthesis of MCNs. 
  
    
 
 
 
Fig. 14 Characterization of the MCNs. (a,d) HRSEM images; scale bar, 100nm, (b,e) TEM images; 
(b) scale bar, 50nm, (e) scale bar, 100nm; (c,f) nitrogen adsorption desorption isotherms of a,b,c 
MCNs-1, and d,e,f MCNs-2. 
  
    
 
 
 
Fig. 15 Schematic illustration for the nanocasting strategy. 
 
  
    
 
 
 
Fig. 16 (A) Schematic view of the most commonly used mesoporous silica hard templates and the 
corresponding ordered mesoporous carbons; (B) transmission electron micrographs of CMK-1 and 
CMK-3 materials; (C) typical pore size distributions of CMK-1 and CMK-3; (D) X-ray 
diffractograms of both the mesoporous silica hard templates MCM-48 and SBA-15 and the 
corresponding ordered mesoporous carbons CMK-1 and CMK-3. 
  
    
 
 
Fig. 17 a) Schematic illustration for the synthesis of hollow core/mesoporous shell (HCMS) carbon 
capsules. b) TEM and SEM images of HCMS carbon capsules. 
 
  
    
 
 
 
Fig. 18 Scheme of three critical steps in the meso-crystallization process (M1xM2yOn/2).2 (a) 
Preparation of stable initial solutions. (b) Evaporation induced self-assembly associated to dip-
coating. (c) Thermal treatment step including (1) heating at low temperature induces the departure 
of residual volatile species and the pre-stiffening of the matrix. (2) Heating at moderate temperature 
allows the departure of the template and the creation of the porosity around a dense amorphous 
mixed oxide matrix. (3) Heating above the temperature of crystallization triggers the nucleation 
and progressive growth of crystalline nanoparticles through diffused sintering. 
  
    
 
 
 
Fig. 19 (a) Mesostructure model and (b) HRTEM image for mesoporous Cr2O3 prepared using 
SBA-15 silica template. The arrows indicate the small “bridges” between the wires. 
  
    
 
 
Fig. 20 Preparation of ordered mesoporous CuO by a combustion method from KIT-6. 
  
    
 
 
 
Fig. 21 Charged and discharged states of an electrochemical double layer capacitor. 
 
 
